We report observation of near-infrared photoluminescence from free-standing, vertically aligned germanium nanowires grown on a (111)-oriented silicon substrate. The energy of the photoluminescence peak is very close to that of the bulk crystalline germanium direct band gap. The intensity shows an approximately quadratic dependence on excitation laser power and decreases with decreasing temperature. The peak position exhibits a red shift with increasing laser power due to laser-induced heating of the wires. These observations indicate that the photoluminescence originates from the direct-band-gap recombination in the germanium nanowires.
I. INTRODUCTION
Over the last decade, nanoscale semiconductors structures with low dimensionality PL from Ge nanocrystals embedded in various oxide matrices. 8−13 The origin of the observed blue PL has been discussed extensively and is attributed to defects at the nanocrystal/matrix interface or in the matrix itself. In addition, NIR PL due to radiative recombination of quantum-confined carriers in Ge nanocrystals embedded in silicon dioxide matrices, 14 wire-shaped Ge islands grown on Si substrates, 15 and Ge quantum wires self-aligned at step edges on Si 16 have been reported.
For Ge nanowires (NWs), Audoit et. al 1 have tested for PL from free-standing Ge NWs grown on Si substrates in the NIR wavelength region. The Ge NWs, however, did not show a PL signal near the crystalline Ge band gap, most likely due to the presence of a high density of nonradiative recombination centers at the interface between Ge and the native oxide layer, combined with the high surface-to-volume ratio of nanowires. The present paper reports, to our knowledge, the first NIR PL observations from free-standing, vertically aligned Ge NWs and discusses the origin of the observed NIR PL.
II. EXPERIMENTAL DETAILS
The two-step growth of our Ge NW samples has previously been described in Ref. 19 and will only be briefly described here. The Ge NWs used in this study were grown using colloidal gold catalyst particles of 40 nm diameter via the vapor-liquid-solid mechanism.
Substrates were Si (111) (n-type dopant P, resistivity ranging from 1500 to 2500 Ω·cm).
Nanowire growth was carried out in a cold-walled, lamp-heated, chemical vapor deposition chamber at 360 °C, with a GeH 4 precursor diluted with H 2 . The GeH 4 partial pressure was maintained at 1 Torr in a total chamber pressure of 30 Torr for the 20 min duration of wire growth. These Ge NWs were not intentionally doped. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to characterize the crystal structure, growth direction, diameter, and length of the Ge NWs. The NWs were found to be epitaxial with a <111> growth orientation and were single crystals. An SEM image of the Ge NWs [ and no other peaks are detected in the longer wavelength region. Therefore, the observed NIR PL originates from the Ge NWs. For further comparison, PL from bulk Ge (Ge (111) substrates: p-type dopant Ga, resistivity ranging from 1.8 to 2.3 Ω·cm) has been measured under the same conditions. As shown in the inset of The intensity of PL is proportional to the square of the injected carrier concentration provided that the material is undoped because each emitted photon is generated from a recombination event involving an excess electron-hole pair. 27 The recombination rate is then proportional to the product of the concentrations of electrons and holes and each of those is proportional to the excitation laser power. 27 The nearly quadratic dependence observed for the direct-band-gap recombination from the bulk Ge matches well with the expected one. Because the concentration of electrons in the L valley of the Ge conduction band is significantly higher than that in the Γ valley, the probability of a three-carrier-mediated Auger process with energy transferred to a second electron should also be relatively high. 27, 29 Auger recombination, a process that competes with non-radiative recombination, leads to a linear dependence for the case of indirect-band-gap recombination in the bulk Ge.
27,29
The integrated PL peak intensity of the Ge NWs is very close to that of the direct-band-gap recombination in the bulk Ge under the same measurement conditions and shows a nearly quadratic dependence on excitation laser power with an exponent of ~1.8.
We also performed low-temperature PL measurements on both of these samples, placing them in a thermal stage (Linkam THMS600) cooled down to liquid-N 2 temperature (77 K) at lowest. The measurements were conducted under N 2 atmosphere to avoid moisture condensation on the samples. Figure 4 shows the low-temperature PL spectra of (a) a bulk Ge single crystal and (b) the single crystal Ge NW array. As shown in Fig. 4(a) , with decreasing bath temperature, the indirect-band-gap PL peak of the bulk Ge sharpens and its intensity increases strongly. For direct-band-gap PL in bulk Ge (see the inset to Fig. 4(a) ), with decreasing bath temperature, the PL peak position shifts towards shorter wavelength and the intensity decreases and disappears at bath temperatures below 170 K. The data in Fig. 4(a) suggest that this occurs because the direct-band-gap PL is overwhelmed by the strong indirect-band-gap PL. The reduction of direct-band-gap PL with decreasing temperature is attributed to reduced occupancy of the Γ valley due to the sharper energy distribution of the carriers. 25,27 The PL peak from the Ge NWs has the same tendency. As shown in Fig. 4 direct-band-gap recombination is responsible for the PL detected from the Ge NWs. This is, to our best knowledge, the first reported experimental observation of direct-band-gap photoluminescence from Ge NWs.
We now turn our attention to the origin of the redshift of the PL peaks of the Ge NWs shown in Fig. 2(a) . This can be explained by laser-induced heating and subsequent heat trapping within the ensemble of dense NWs [ Fig. 1 
where S is the surface recombination velocity and d is the NW diameter. Using the reported surface recombination velocity of bulk Ge with a native oxide coating, S = 1300 cm/s, 52 in equation (1), gives a value of τ nrs ≈ 1 ns for these undoped nanowires. In contrast, the radiative recombination lifetime for the indirect transition in intrinsic Ge is ~ 1 s, as determined by photoconductivity measurements 53 and detailed balance calculations from photon absorption data. 54 This suggests that electrons in the L valley are very likely to recombine non-radiatively in the Ge NWs prior to their radiative recombination. Both 
IV. CONCLUSIONS
In conclusion, we have measured NIR PL of vertically aligned, free-standing Ge
NWs grown on a Si(111) substrate. The Ge NWs give one broad PL peak near the crystalline wavelengths with increasing excitation laser power due to laser-induced heating and subsequent heat trapping within the dense array of NWs. In addition, the PL peak intensity shows a nearly quadratic dependence on excitation laser power and decreases with decreasing temperature, similar to the direct-band-gap PL behavior of bulk Ge crystals. These observations indicate that efficient direct-band-gap recombination is responsible for the observed PL from the Ge NWs. 
